Abstract-Generation of optical millimeter-wave (mm-wave) signal using a Mach-Zehnder modulator (MZM) based on double-sideband (DSB), single-sideband (SSB), and double-sideband with carrier suppression (DSBCS) modulation schemes have been demonstrated for various applications, such as broadband wireless signals or optical up-conversion for wavelength-division-multiplexing (WDM) radio-over-fiber (RoF) network, wideband surveillance, spread spectrum, and software-defined radio. Among these schemes, DSBCS modulation offers the best receiver sensitivity, lowest spectral occupancy, the least stringent requirement of electrical bandwidth, and the smallest receiving power penalty after long transmission distance. Nonetheless, the inherent nonlinear E/O (electrical/optical) conversion response of a MZM is such that the signal quality of the optical mm-wave suffers. Fabrication tolerances make a balanced 50/50 splitting ratio of the MZM's y-splitter particularly difficult to achieve. As a result, imbalanced MZMs have a finite extinction ratio (ER) and degrade the optical carrier suppression ratio (OCSR) using DSBCS modulation. In this paper, the effect of the MZM nonlinearity and imbalanced y-splitter on optical mm-wave generation by DSBCS modulation is theoretically and experimentally investigated. A novel approach with better performance and greater cost-effectiveness than dual-electrode MZM (DD-MZM) is presented to realize a DSBCS modulation scheme based on a single-electrode MZM (SD-MZM).
transmission of wireless signals in the microwave/millimeterwave (mm-wave) range. Therefore, the radio-over-fiber (RoF) system, which distributes radio-frequency (RF) signals from a central station (CS) to base stations (BS) over an optical fiber, is a promising approach because of its almost unlimited bandwidth and very low propagation loss [1] [2] [3] .
RoF technology allows the concentration of RF signal processing and shared mm-wave components at a CS and makes BS simpler and more cost-effective. The generation and transmission of optical microwave or mm-wave signals are crucial to RoF systems. Optical RF signal generation or optical up-conversion using an external Mach-Zehnder modulator (MZM) based on double-sideband (DSB), single-sideband (SSB), and double-sideband with carrier suppression (DSBCS) modulation schemes have been demonstrated [3] [4] [5] [6] [7] . The DSB modulation signal undergoes performance fading problems because of fiber dispersion, which causes periodic degradation of the receiver sensitivity varying with the transmission length of standard single mode fiber (SSMF). The SSB modulation, which is generated by applying a phase difference between the two RF electrodes of the dual-electrode MZM (DD-MZM) biased at the quadrature point, is developed to overcome the performance fading. However, since the optical RF signals are weakly modulated because of the narrow linear region of MZM, those that undergo DSB and SSB modulations have inferior sensitivities because the optical modulation depth (OMD) is limited [4] . Recently, the DSBCS modulation has been demonstrated in the mm-wave range to have the best receiver sensitivity and overcome periodic performance fading due to fiber dispersion. Besides, since optical carrier is suppressed, a frequency doubling technique can be achieved to reduce the bandwidth requirement of optical RF transmitter [5] .
However, independent of the modulation scheme employed, MZM modulation is associated with an inherently nonlinear E/O conversion response. Hence, the MZM nonlinear distortion negatively affects the performance of the mm-wave signal. Besides, fabrication tolerances make a balanced 50/50 splitting ratio of the MZM's Y-splitter particularly difficult to achieve. Therefore, imbalanced MZMs have a finite extinction ratio (ER) and the mm-wave signals based on DSBCS modulation have finite optical carrier suppression ratio (OCSR), degrading the quality of mm-wave signals. Although numerous studies of the nonlinear distortion of mm-wave signals generated using the DSB and SSB modulation approaches have been recently conducted [8] [9] [10] [11] , to the author's best knowledge, no information is available on the combined effects of MZM nonlinear distortion and imbalance on mm-wave generation or optical up-conversion by the DSBCS modulation scheme. This investigation theoretically and experimentally analyzes the impacts of both MZM nonlinearity and imbalance on the mm-wave signal performance. Optimal conditions for optical mm-wave generation using imbalanced MZM based on DSBCS modulation are discussed. In conventional DSBCS modulation scheme, a full swing (2V , typically 10-14 V) electrical RF driving signal is necessary to ensure high OCSR. The limited driving capability of the electrical amplifier requires a push-pull DD-MZM to be used to weaken the demanding driving voltage requirement. This limitation increases the system complexity and cost because extra and more expensive components are needed. This work presents a novel method that uses a single-electrode MZM (SD-MZM) to generate the mm-wave signal with performance improvement based on DSBCS modulation scheme. Both theoretical and experimental results show that the proposed system is compact, cost-effective, and performs better. Fig. 1 displays the principle of the optical mm-wave generation by the DSBCS modulation scheme. The power splitting ratio of two arms of a balanced MZM is 0.5. The electrical field at the output of the MZM is given by (1) where and denote the amplitude and angular frequency of the input optical carrier, respectively, is the applied driving voltage, and is the optical carrier phase difference that is induced by between the two arms of the MZM. The loss of MZM is neglected.
II. THEORETICAL ANALYSIS OF MILLIMETER-WAVE GENERATION BY DSBCS MODULATION

A. Generation of mm-Wave Signal Using Balanced MZM
consisting of an electrical sinusoidal signal and a dc biased voltage can be written as (2) where is the dc biased voltage, and and are the amplitude and the angular frequency of the electrical driving signal, respectively. The optical carrier phase difference induced by is given by (3) Fig. 2 . Illustration of the optical spectrum at the output of the balanced MZM. Fig. 3 . Illustration of the electrical spectrum of the mm-wave signal using balanced MZM after square-law PD detection.
where is the half-wave voltage of the MZM. Therefore, the output electrical field can be rewritten as (4) where is a constant phase shift that is induced by the dc biased voltage, and is the phase modulation index. Expanding (4) using Bessel functions, as detailed in Appendix I, yields Fig. 2 , which illustrates the optical spectrum of the mm-wave signals obtained by DSBCS modulation with the MZM biased at the null point. All of the even-order optical sidebands are eliminated, so only the odd-order optical sidebands remain in the spectrum. Square-law photo-diode (PD) detection yields the corresponding electrical spectrum of the generated mm-wave signals which are shown in Fig. 3 . No original driving signal and the odd terms of its harmonics distortions exist. A strong anticipated double-frequency signal and the odd terms of the harmonic distortions are observed. in the upper and lower arms of the MZM, respectively. The ER of the imbalanced MZM can be expressed as (6) Notably, the MZM ER is infinite as or . If not, the MZM ER will have a finite value. Without loss of generality, the assumption that , enables (6) to be rewritten as (7) Accordingly, the modulation of the MZM with imbalanced power splitting ratios can be regarded as the sum of a balanced MZM modulation plus a modulation by an extra phase modulator (PM) modulation which are represented by the first and second terms of (7), respectively. Evidently, for a balanced MZM with or , no phase modulation term exists. However, fabrication tolerances make both conditions difficult to achieve. Thus, the inherent PM modulation that is caused by the imbalanced splitting ratios of the MZM cannot be avoided. Expanding (7), as detailed in Appendix II, yields the optical spectrum of the mm-wave signal using DSBCS modulation that is displayed in Fig. 5 . A comparison with Fig. 3 indicates that the main effects of the undesired PM modulation, caused by imbalanced MZMs, are the generation of the superfluous optical carrier and even-order sidebands (
B. Generation of mm-Wave Signal Using Imbalanced MZM
. Additionally, the evenand odd-order terms are mutually orthogonal. Fig. 6 (a) and (b) present back-to-back (BTB) and following fiber transmission electrical spectra of the generated mm-wave signals. Notably, only the even-order BTB mm-wave signals are observed as shown in Fig. 6 (a). However, after transmission over a dispersive fiber, the even-and odd-order terms are no longer mutually orthogonal because of fiber dispersion. Therefore, following square-law PD detection, the cross-terms generate the undesired odd-order signals and also produce unwanted signals fall inside the target mm-wave band.
C. Optical Carrier and Distortion Suppression Analysis
An RoF lightwave system primarily consists of transmitters, a fiber link, and receivers. One of the key issues that govern the performance of the RoF system is the linearity of E/O conversion especially for external MZM modulation. The inherent nonlinearity of MZM makes the undesired optical sidebands of the mm-wave signals employing DSBCS modulation scheme unavoidable, as shown in Figs. 2 and 5. These unwanted optical sidebands can degrade the performance of the desired electrical mm-wave signals. For mm-wave signal generation using balanced MZMs, the amplitudes of the optical sidebands are only proportional to the Bessel functions of the corresponding orders. However, for mm-wave signal generations using imbalanced MZMs, the amplitudes of optical sidebands are related to not only the Bessel functions of the corresponding orders but also the weighting factors consisting of and which are defined in Appendix II. As modulation index (MI is the peak-to-peak voltage of the MZM driving signal) for driving MZM increases from zero to one, the zeroth-order Bessel function and the Bessel function of order of more than one will decrease and increase, respectively. Fig. 7 plots and as a function of , with set at 0.5. As moves away from the ideal condition, decreasing from 0.5 to zero, as expected, the pure amplitude modulation term declines and the phase modulation term increases. The ER of MZM is determined by the combined effect of and . Fig. 8 plots the ER versus , for a commercially available MZM, the typical value of ER is 25 dB, which corresponds to . For the mm-wave signal produced by DSBCS modulation, the two first-order sidebands are the desired optical signals, and the suppression ratio of the other undesired distortion sideband caused by the MZM nonlinearity and the imbalance is the key parameter in the RoF system. The commercial software, VPI WDM-TransmissionMaker 5.0, is used to simulate numerically the suppression ratio. Fig. 9 shows the optical carrier and distortion suppression ratio (OCDSR, ) as a function of MI for the driving the MZM with an ER of 25 dB. The is defined as (8) where and are the optical powers of the first-order sideband and the th-order sideband , respectively. Notably, is the OCSR. As MI falls from one to zero, the distortion suppression ratios are improved, but the OCSR decreases. When the MZM ER equals 25 dB and MI exceeds 0.79, the third-order optical sideband is key to determining the degradation of OCDSR. However, for MI is less than , and the OCSR, rather than OCDSR, dominates the system performance. Therefore, the optimal MI for maximum OCDSR (OMI-OCDSR) exists at the intersection of and and is determined by the MZM ER. Fig. 10 plots the OMI-OCDSR and the corresponding maximum OCDSR versus the MZM ER. When the MZM ER is less than 17 dB, is always less than . Thus, the OCSR controls the system performance and the OMI-OCDSR is one. For a commercially available MZM with a typical ER of 25 dB, the OMI-OCDSR is about 0.79 and the corresponding maximum OCDSR is 23 dB. Fig. 6(b) presents the generated electrical spectra following square-law PD detection. The desired electrical signal originates from the beating between two optical sidebands with a frequency difference that is twice the frequency of the electrical driving signal, and the beating of the two first-order optical sidebands dominates the power intensity of the desired electrical signal. Notably, and m, which originate in MZM imbalance and MI for driving MZM, respectively, determine the power intensity of the desired and undesired electrical signal, as shown in Appendix II. For optical mm-wave signal generation or optical up-conversion for RoF links, since the undesired electrical signals can be easily removed by an electrical filter, the normalized power intensity of the desired electrical signal is the key parameter as the MZM ER and MI vary. Fig. 11 plots the versus MI and MZM ER after PD detection. The power of the optical mm-wave signals before PD detection is normalized to be 0 dBm. As MI increases from zero to one, the increases first and then declines. Notably, the maximum decreases as the MZM ER decreases. Furthermore, the optimal MI for the maximum (OMI-) increases as the MZM ER falls from 35 to 10 dB, as shown in Fig. 12 . For a commercial MZM with a typical ER of 25 dB, the OMIis for a maximum with a tolerance of 1 dB.
D. Generated Electrical mm-Wave Signal Analysis
Since fiber chromatic dispersion induces different phase variations of the optical sidebands, varies with the transmission length of the SSMF. Fig. 13(a) plots the power intensity fluctuation of the electrical 40-GHz mm-wave signal that is transmitted over 50-km SSMF. The MZM ER is 25 dB and the power of the optical mm-wave signal is normalized to be 0 dBm before PD detection. The periodic fading power variation, which is associated with undesired optical sidebands, is less than 0.5 dB. Fig. 13(b) plots the periodic fading power variation versus the MZM ER following 50-km transmission of SSMF. As the MZM ER falls, the periodic fading power variation increases. When the MZM ER is 10 dB, the periodic fading power variation reaches 3.3 dB and the receiver sensitivity of the mm-wave signal is clearly degraded. When the MZM ER exceeds 20 dB, the periodic fading power variation is less than 1 dB and is negligible.
E. Comparison of Different Optimal MIs
In summary, the MZM nonlinearity and imbalance were theoretically demonstrated to strongly influence the performance of the optical mm-wave signals based on the DSBCS modulation scheme. Table I presents the different optimal MIs for the maximum OCDSR and desired electrical signal for different applications. The optimal MI that maximizes OCDSR can be used to generate a tunable optical mm-wave signal for a wideband surveillance, spread spectrum or software-defined radio [12] , [13] . For those systems, the undesired electrical signal cannot be filtered out after PD detection because the RF frequency is not fixed. Therefore, OMI-OCDSR can be used to achieve high undesired electrical distortion ratio. The optimal MI for maximum can applied to optical broadband wireless mm-wave signal generation or optical up-conversion in RoF access systems. In a conventional DSBCS modulation scheme, the DD-MZM is adopted to yield full MI MI . According to the simulation results, only SD-MZM is required to realize DSBCS modulation, which provides a compact, cost-effective, and better performance alternative.
III. OPTICAL RF SIGNAL GENERATION USING DSBCS MODULATION
A. Experimental Setup
Fig. 14 shows the experimental setup used for optical RF signal generation and transmission based on DSBCS modulation scheme. The continuous wave (CW) laser is generated by a distributed feedback laser, and the emission wavelength is 1540 nm. The baseband signal is 622-Mb/s on-off-keying (OOK) pseudo random bit sequence (PRBS) signal with a word length of and up-converted using a 5-GHz sinusoidal signal, as shown in inset (i) of Fig. 14 . The up-converted signal is amplified to maximum of 7 V, which is limited by the available commercial RF amplifier. To realize DSBCS modulation, the MZM is biased at the minimum transmission point and DD-MZM with of 5 V is utilized to yield full MI MI . The frequency of the generated optical microwave is 10 GHz. The insets (ii) and (iii) of Fig. 14 present the optical microwave waveform and spectrum, respectively. The generated optical signal is amplified using an erbium-doped fiber amplifier (EDFA) and then filtered through a tunable optical filter with a bandwidth of 0.4 nm. After it is transmitted over SSMF, the optical microwave signal is converted into an electrical microwave signal using a PD with a 3-dB bandwidth of 38 GHz, and the converted electrical signal is amplified by an electrical amplifier. The electrical microwave signal is down-converted by a mixer with a 10-GHz sinusoidal signal and then passes through a low-pass filter with a 3-dB bandwidth of 622 MHz. The inset (iv) in Fig. 14 shows eye tested by a bit-error-ratio (BER) tester. The fiber length is set to 25, 50, and 75 km.
B. Experimental Results and Discussions
The performance of RF signals is strongly related to the MZM nonlinearity which can be reduced by decreasing the MI. Fig. 15(a) plots the variation of the receiver sensitivities of the down-converted signals as a function of MI. The receiver sensitivity initially increases and then decreases as MI falls from 1 to 0.13, and the sensitivity is minimal at the optimal MI of 0.43. As theoretically demonstrated above, the optimal MI is determined by the tradeoff between the MZM nonlinearity and the residual optical carrier caused by the imbalance y-junction splitting ratio of MZM.
The MZM nonlinearity and OCSR are determined by MI. As the MI that drives MZM decreases from 1 to 0.18, the OCSR decrease from 17 to 4.5 dB; meanwhile, the amplitude of the second-order optical sideband that is associated with the MZM nonlinearity decreases, as shown in Fig. 16 . Note that the OCSRs in Fig. 9 are better than those in Fig. 16 . The reason is that we use OOK PRBS data for experimental demonstration in Fig. 16 , instead of a sinusoidal signal that is used for theoretical analysis in Fig. 9 . Furthermore, the reduction of the MZM nonlinearity makes the duty cycle of optical microwaves closer to 0.5 as shown in Fig. 17 . At a given optical power, a smaller duty cycle of the optical microwaves corresponds to a higher peak power, resulting in better receiver sensitivity of the down-converted signal. However, a low OCSR is such that the optical power of two first-order sidebands are relatively low and optical power of the residual carrier is relatively high, worsening the sensitivity of the receiver signal. Therefore, a tradeoff for the receiver sensitivity exists between the MZM nonlinearity and OCSR as MI is decreased.
When the optimal MI is 0.43, the receiver sensitivity of the down-converted signals at a BER of is dBm. The receiver sensitivity of the down-converted signal improves by 1 dB as the MI decreases from 1 to 0.43. As MI , the power penalty of down-converted signals, which are compared with those using optimal MI of 0.43, is less than 0.2dB, as shown in Fig. 15(b) . The ER of the MZM used in the experiment is around 25 dB, and the simulation results show that the OMIis over a 1-dB tolerance of the maximum , as shown in Fig. 12 . Therefore, the experimental result is well consistent with the simulated result. Since the optimal MI is 0.43, the driving for commercially available MZM with typical of 5 V is 4.3 V
. Hence, the DD-MZM can be replaced with SD-MZM. After the optical microwave signals using the optimal MI of 0.43 are transmitted over 25-km, 50-km, and 75-km SSMF, the power penalty for the receiver sensitivity of the down-converted signals at BER of is less than 1 dB as shown in Fig. 18 .
IV. CONCLUSION
The impact of the inherent MZM nonlinear distortion on mm-wave signal generation by DSBCS modulation was theoretically and experimentally investigated. Given fabrication tolerances, the effect of MZM imbalance on mm-wave generation was theoretically and experimentally studied. Moreover, the optimum conditions for tunable optical mm-wave signal generation, optical up-conversion, and optical broadband wireless mm-wave signal generation using DSBCS modulation have been also discussed. According to the simulation results, only SD-MZM is required to realize DSBCS modulation, which provides a compact, cost-effective and better performance alternative.
APPENDIX I
Expanding (1) with Bessel function leads to an expression for the electrical field at the output of the MZM as
where is the Bessel function of the first kind of order n, the bias voltage is set at , and and . Consequently, the electrical field of the mm-wave signal using DSBCS modulation can be written as
The amplitudes of the generated optical sidebands are proportional to those of the corresponding Bessel functions associated with the phase modulation index m. With the amplitude of the electrical driving signal equal to , the maximum m is . As , the Bessel function for decreases and increases with the order of Bessel function and m, respectively.
, and are 0.5668, 0.0690, 0.0022, and 0.00003581, respectively. Therefore, the optical sidebands with the Bessel function higher than (m) can be ignored, and (A2) can be further simplified to where is light speed in free space, is the chromatic dispersion parameter, and is the frequency of the optical carrier. For a standard single-mode fiber, is 17-ps/(nm.km). The fiber loss is ignored. Therefore, after transmission over a single-mode fiber of length , the electrical field can be written as (A7)
After square-law detection using an ideal PD with responsitivity R, the photocurrent can be expressed as (A8)
The individual square term of (A8) will generate the baseband signal, and the cross terms will generate the desired mm-wave signal and its harmonics distortion signals. These desired mm-wave terms can be expressed as It is reasonable that optical sidebands with the Bessel functions with the order higher than 5 can be ignored, and the electrical field at the output of the MZM with imbalanced power splitting ratios can be simplified to (A17) After transmission over dispersive fiber, the electric field can be written as (A18)
After square-law detection using a PD with responsitivity R, the photocurrents of the desired mm-wave signal and its harmonics distortion signals can be expressed as (A19)
